The roles of the leucine-rich repeat domain containing G protein-coupled receptor (GPCR) 4 (Lgr4), which is one of the orphan GPCRs, were analyzed with the Lgr4 hypomorphic mutant mouse line (Lgr4 Gt ). This homozygous mutant had only one-tenth the normal transcription level; furthermore, 60% of them survived to adulthood. The homozygous male was infertile, showing morphologic abnormalities in both the testes and the epididymides. In the testes, luminal swelling, loss of germinal epithelium in the seminiferous tubules, and rete testis dilation were observed. Cauda epididymidis sperm were immotile. Rete testis dilation was due to a water reabsorption failure caused by a decreased expression of an estrogen receptor (ESR1) and SLC9A3 in the efferent ducts. Although we found differential regulation of ESR1 expression in the efferent ducts and the epididymis, the role of ESR1 in the epididymis remains unclear. The epididymis contained short and dilated tubules and completely lacked its initial segment. In the caput region, we observed multilamination and distortion of the basement membranes (BMs) with an accumulation of laminin. Rupture of swollen epididymal ducts was observed, leading to an invasion of macrophages into the lumen. Male infertility was probably due to the combination of a developmental defect of the epididymis and the rupture of the epithelium resulting in the immotile spermatozoa. These results indicate that Lgr4 has pivotal roles to play in the regulation of ESR1 expression, the control of duct elongation through BM remodeling, and the regional differentiation of the caput epididymidis.
INTRODUCTION
Posttesticular sperm transit through the efferent ducts and epididymis in vivo is essential for sperm maturation, protection, and storage [1, 2] . The epididymis develops from the wolffian duct and is finally formed as a highly elongated and convoluted tubule that links the efferent ducts to the vas deferens. The adult epididymis anatomically consists of the caput, the corpus, and the cauda epididymidis. On the basis of macroscopic, histologic, ultrastructural, and histochemical observations, the caput epididymidis can be divided into five distinct regions [3] . Most proximal regions of the caput epididymidis, named the initial segment, consist of taller epithelial cells than any other caput regions. These regional differentiations, with the different cellular structures, are achieved within 28 days after birth [4] . Epididymal regions, having different morphologies and functions, show highly restricted gene expression patterns: for example, Gpx5, Lcn2, and Etv4 are expressed in the whole caput epididymidis [5] [6] [7] . Cst11, Cst12, and Lcn8 (previously known as mEP17) are expressed in the initial segment [6, 8] . The expressions of Gpx5, Lcn2, Etv4, and Lcn8 are thought to be controlled by testicular fluid, which contains steroid hormones and growth factors such as fibroblast growth factors [5-7, 9, 10] .
Steroid hormone receptors for androgen and estrogen are required for epididymal development and functioning. These roles were analyzed with mutant mice. The essential role of the androgen receptor (Ar), for early male development, was analyzed by examining the testicular feminization mutation (Ar Tfm ) in mice [11] . The Ar Tfm /Y mice completely lack both the epididymis and the vas deferens. In addition to the Ar, two estrogen receptors (Esr1 and Esr2) are expressed in the posttesticular tracts [12] . ESR1 (previously known as ERalpha) is mainly expressed in the efferent ducts; the Esr1 À/À mice showed a water reabsorption failure in the efferent ducts and had a reduced male fertility rate [13, 14] . Recent reports indicate that ESR1 controls water reabsorption via regulation of Slc9a3 (previously known as NHE3) and aquaporin 1 (Aqp1), which are both directly involved in the water reabsorption process [15] . In contrast to the Esr1 À/À mice, the Esr2 À/À mice did not show any abnormality in the development or function of either the efferent duct or the epididymis [16] . Production of double mutants of ESR1 and ESR2 confirms the pivotal role of ESR1, but not of ESR2, in the efferent ducts [17] . Although both of the estrogen receptors are expressed in the epididymis, their functions are not yet well understood.
Although it is clear that the AR is indispensable for the early development of the epididymis from the wolffian duct, other factors required for the development of the detailed regional compartmentalization are not well understood. When upper and middle wolffian duct epithelium is cultured on the seminal vesicle mesenchyme, this epithelium differentiates into the seminal vesicle epithelium [18] . This suggests that wolffian duct differentiation is controlled by the epithelial-mesenchymal interaction. Epithelial differentiation, induced by the mesen-chyme, is well exemplified in ureteric bud branching of the developing kidneys. Since both kidneys and male reproductive tracts are developed from the same origin, the intermediate mesoderm, a similar set of signaling molecules may be involved in the development of both of these organs.
Possible factors accounting for this epithelial-mesenchymal interaction are bone morphogenetic protein (BMP) ligands and their related receptors. Disruption of Bmp4, Bmp7, Bmp8a, or Bmp8b shows that degeneration of the epididymal epithelium occurs in a region-specific manner [19] [20] [21] [22] . Bmp4 þ/À mice especially showed epididymal degeneration in the corpus region. These results demonstrate that the BMP family ligands have a pivotal role in epididymal duct development and in maintaining its resulting integrity. Another possible factor that regulates the epithelial-mesenchymal interactions in the epididymis is ROS1, which is a member of the tyrosine kinase receptor family. In the developing kidneys, ROS1 is suggested as an upregulator of the expression of the extracellular matrix (ECM), which acts as a storage depot for various growth factors [23] . The Ros1 À/À mice lack the initial segment [24] . These results suggest that detailed regional development is also dependent on highly regulated epithelial-mesenchymal interactions.
A recent study, by use of the Lgr4 À/À mice obtained by the secretory trap approach, suggested an essential role for LGR4 in embryonic growth, especially for kidney and liver development [25] . In addition, Lgr4
À/À mice with CD1 genetic backgrounds show the defective postnatal development of the epididymis [26] . This suggests that hypoplastic and dilated efferent ducts, as well as the epididymis, were all due to reduced cell proliferation rates and the blocking of the lumen by immune cell infiltrates, respectively. LGR family members are characterized by an extracellular domain with multiple leucine-rich repeats. The presence of a large extracellular domain is a remarkable feature that separates LGR family members from the other G protein-coupled receptors (GPCRs).
Studies of
LGRs from different species suggest that LGRs can be classified into three subtypes (A, B, and C) and that these three subtypes evolve during the early evolution of metazoans [27] . Type A LGRs include the FSH receptor, the LH receptor, and the thyroid-stimulating hormone receptor, in which the ligands are glycoprotein hormones. Type B LGR comprises three members: LGR4, also known as GPR48, LGR5, and LGR6. Type B LGR remains an orphan GPCR, and its physiological functions have not yet been determined. Type C LGRs, including LGR7 and LGR8, have recently been described as relaxin receptors. Following the identification of LGR7 and LGR8 as relaxin receptors, the closely related relaxin3 and INSL3 have been shown to function as selective agonists for LGR7 and LGR8, respectively.
We obtained an Lgr4 hypomorphic mutant (Lgr4 Gt/Gt ) with gene-trap insertional mutagenesis in embryonic stem cells with an exchangeable trap vector [28] . Contrary to the epididymides of the Lgr4 À/À mice, by 8 wk after birth, the epididymides of Lgr4 hypomorphic mutant mice have testicular fluid and contain immotile spermatozoa. Thus, we hypothesize that the epididymal phenotype of the Lgr4
Gt/Gt male is unrelated to the transit blockage of the testicular fluid. Our mutant mice showed a milder phenotype than the null mutant mice in terms of their growth and perinatal death rate. Adult males of our mouse line showed short, dilated, and much less convoluted ducts in the epididymides. In the postnatal development of the epididymis, we found a reduction of ESR1 expression and a lack of an initial segment in the epididymides; furthermore, electron microscopic and immunohistochemical studies of the epididymal tubule structure in Lgr4
Gt/Gt males indicated the disruption of the ECM structure with an increase of laminin.
Our results suggest that the Lgr4 gene regulates the postnatal epididymal morphogenesis via the maintenance of the ECM.
MATERIALS AND METHODS

Generation of Gene-Trap Mice
The Ayu21-127 embryonic stem clone was isolated in a gene-trap screening with the pU-21 vector. The pU-21 vector was generated by modifying the pU-17 vector [28] . This gene-trap mouse line was established by aggregating the embryonic stem cells with eight-cell embryos as described by Taniwaki et al. [28] . The chimeric male mice were crossed either with C57BL/ 6J or CBA/N Slc females. In this study, we used the F5 generation of mice. C57BL/6J mice were purchased from Charles River Japan Inc. (Yokohama, Japan). CBA/N Slc mice were purchased from Japan SLC Inc. (Hamamatsu, Japan). Mice were housed in the Center for Animal Resources and Development, Kumamoto University. All animal experiments were carried out with the approval of the Ethical Committee at the Center for Animal Resources and Development, Kumamoto University.
Cloning of Genomic DNA and Genotyping
Inverse PCR was performed to obtain flanking genomic DNA. DNA samples were isolated from the embryonic stem cells. After identification of the trap-vector insertion site, we set three PCR primers for genotyping. Genotyping was carried out by PCR with genomic DNA purified from a tail tip. To detect a wild-type allele, two primers were used: a 5 0 primer, G1 (ACATCTACCCT-CTGCTTTCACC), and a 3 0 primer, G2 (ATCCACTTGTTCCTGACCTGAG). G1 and another 3 0 primer, G3 (AAGAACATAAAGTGACCCTCC), were used to detect a trapping allele. For PCR analysis, the DNA was subjected to 30 cycles (1 min at 948C; 1 min at 628C; and 1 min at 728C) with 0.5 U of Taq polymerase (Perkin-Elmer, Foster City, CA).
Sperm Concentration and Motility Analysis
Sperm were collected from the cauda epididymidis at 8 wk of age and incubated in 200 ll of human tubal fluid (HTF) medium at 378C for 1 h. The concentrations and motility rates were determined with a C-IMAGING C-MEN computerized semen analyzer (Compix Inc., Lake Oswego, OR). All counts were performed at 378C. Motility was defined as linear direction at a speed of 50 lm/sec [29] . Viability of the incubated spermatozoa was assayed with the LIVE/DEAD Sperm Viability Kit (Invitrogen, Carlsbad, CA).
RNA Analysis
Rapid amplification of cDNA ends (RACE) by the 5 0 RACE system (Invitrogen) was used to characterize the trapped gene. Total RNAs were extracted from various tissues and were used for RT-PCR and real-time PCR analyses. For Northern blot analysis, 1 mg of poly(A)þ RNAs isolated from various tissues was purified with the Oligotex-dT30 mRNA Purification Kit (Takara Shuzo, Kyoto, Japan). For the Northern blotting analysis, a murine Lgr4 cDNA probe (probe A), a b-galactosidase probe (probe B), and a glyceraldehyde-3-phosphate dehydrogenase (Gapdh) probe were prepared with digitoxin (DIG)-labeled antisense riboprobes (Roche Molecular Biochemicals, Mannheim, Germany). Each cDNA template was amplified by RT-PCR, and the PCR product was then linked to a pGEM-T Easy Vector (Promega, Madison, WI). Transcription from the template vector was performed with SP6 or T7 on RNA polymerase and then purified on Quick Spin Columns (Bio-Rad, Hercules, CA). Primers used in the RT-PCR included the following: R1 (CTTCACCCAAGCACTGGATATCAG) located in the second exon; R2 (TGCAAAGCACTCAGTCCACGAATG) located in the third exon; and R3 (ACAGTATCGGCCTCAGGAAG) located in the splice acceptor of the trap vector. Real-time PCR was performed with SYBR Green (Takara Shuzo), and each RNA quantity was normalized to its respective Gapdh mRNA quantity.
Fertility Tests
Lgr4
Gt/Gt mice 8-10 wk of age were used to mate with wild-type mice. þ/ Gt mice were also mated as a control. All mating completions were verified by examining vaginal plugs.
In Situ Hybridization
In situ hybridization analyses were performed on adult tissue sections with a VENTANA in situ hybridization machine (Ventana Medical Systems Inc., Tucson, AZ). All tissues were fixed with 4% paraformaldehyde in PBS for 48 h at 304 room temperature and cryosectioned. The DIG-labeled Gpx5, Lcn2, Cst12, and Lcn8 antisense and sense riboprobes (Roche) were prepared as described above.
Measurement of Serum Estradiol and Testosterone
Serum estradiol and testosterone concentrations were measured commercially by RIA (SRL Inc., Tokyo, Japan) when the mice were 8 wk of age. To measure the serum estradiol and testosterone levels, blood was withdrawn from the retro-orbital sinus by penetrating the retro-orbital sinus/plexus with a glass capillary tube after the mice were anesthetized with ether.
Detection of b-galactosidase Activities
To detect LGR4 expression levels, we determined the b-galactosidase activity produced by the trapped allele. Samples were fixed for 30-60 min at room temperature in 1% formaldehyde, 0.2% glutaraldehyde, and 0.02% NP-40. Fixed samples were washed two times in PBS and incubated for 16 h at 378C in a staining solution of 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl 2 , and 0.5% X-gal in PBS. Samples were washed twice in PBS and then postfixed in 4% paraformaldehyde.
Immunohistochemical Staining
Epididymal tissues were fixed with 4% paraformaldehyde in PBS for 24 h at 48C. Paraffin-embedded tissues were sectioned, dewaxed, and rehydrated. Frozen sections were used to determine type IV collagen and laminin expression levels. Sections were incubated with the primary antibody in 3% BSA in PBS for 16 h at 48C. In the present study, the following antibodies and dilutions were used: diluted anti-ESR1 (DAKO, Carpinteria, CA), 1:2; anti-ESR2 (Chemicon, Temecula, CA), 1:500; anti-AR (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 1:500; anti-type IV collagen (Southern Biotech, Birmingham, AL), 1:8000; anti-laminin (DAKO), 1:6000; anti-CD68 (Serotec), 1:100; and anti-MSR1 (unpublished results). After washing, sections were incubated with the corresponding secondary antibodies (all in 1:200 dilutions) for 1 h at room temperature. To detect with anti-mouse antibody, sections were blocked with a commercially available reagent and detected with a commercial kit (Vector Laboratories, Burlingame, CA). The Vectastain ABC Kit (Vector Laboratories) was used for the avidin-biotin complex method according to the manufacturer's instructions and detected with diaminobenzidine. Immunofluorescent signals were observed with a TCS-SP2 AOBS confocal microscope (Leica Microsystems).
Western Blot Analysis
The epididymides were homogenized in a lysate buffer and purified with acetone precipitation. Extracts were applied to 8% polyacrylamide gel electrophoresis and transferred to an Immobilon polyvinylidene difluoride filter (Millipore, Billerica, MA). Primary antibodies for the following antigens were used at the indicated dilutions: anti-type IV collagen (LSL, Tokyo, Japan), 1:500; anti-laminin (DAKO), 1:500; anti-AR (Santa Cruz Biotechnology), 1:500; and anti-actin (Santa Cruz Biotechnology), 1:500. Anti-rabbit (Amersham Biosciences) or anti-goat (Santa Cruz Biotechnology) immunoglobulin G antibody conjugated with horseradish peroxidase was used for detection purposes.
Electron Microscopy
Spermatozoa collected from cauda epididymidis were incubated in HTF medium for 30 min and fixed in HTF medium with 2% glutaraldehyde for 20 min. The samples were postfixed in an unbuffered 2% osmium tetroxide solution for 3 h and then dehydrated in ascending grades of alcohol. Subsequently, they were critically point dried, osmium plasma coated, and examined by a Jeol JSM 6320 F scanning electron microscope (Jeol Ltd., Tokyo, Japan). The caput epididymides in 5-wk-old males were fixed with 2.5% glutaraldehyde and postfixed with 1% osmium tetroxide. After dehydration in a graded series of ethanol and propylene oxide, the samples were embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate and then imaged with an H-7500 electron microscope (Hitachi, Tokyo, Japan).
RESULTS
Establishment of Ayu21-127 Line and Identification of Trapped Genes
We performed gene-trap mutagenesis in embryonic stem cells with pU-21 trap vectors (Fig. 1A) and thereby isolated 88 gene-trap embryonic stem clones. We identified trapped genes by the 5 0 RACE. Several mutant mouse lines were established through the production of chimeric mice with these trapped embryonic stem clones. Among these lines, we selected the 127 line, termed the B6;CB-Lgr4
GtAyu21-127Imeg (Lgr4
Gt
) in which the Lgr4 is trapped, to further analyze the physiological functions of LGR4. Southern blot analysis, with a vector fragment as a probe, indicated a single-copy integration of the vector (data not shown). Analysis of the genomic region around the insertion site revealed that the trap vector was integrated into the second intron of the Lgr4 gene (Fig. 1A) . We confirmed that the trap-vector integration event resulted in either a 628-or 562-bp deletion in the 5 0 or 3 0 region of the trap vector, respectively. No deletion occurred in the genomic region around the insertion site. Genotyping was done with G1 and G2 primers for a wild-type (þ) allele and G1 and G3 primers for the gene-trap (Gt) allele (Fig. 1B) .
Northern blot analysis, with various adult tissues of wildtype mice, indicated the broad expression of the Lgr4 gene as described by Mazerbourg et al. [25] and Schoore et al. [30] . RT-PCR analyses, with tissues of Lgr4 þ/Gt mice the same as in Northern blot analyses, showed that all tissues had the fusion mRNA composed of exons 1 and 2 in the Lgr4 gene and of a bgeo gene of the trap vector (Fig. 1C) . Mating between Lgr4 þ/Gt parents generated Lgr4
Gt/Gt mice. Northern blot analysis and quantitative RT-PCR showed that the Lgr4 Gt/Gt mice had 10% mRNA expression of the Lgr4 gene (Fig. 1, D and E) . These results prove that the Lgr4 Gt/Gt mouse is a hypomorphic mutant.
Growth Retardation
We investigated the ratio of each genotype among the newborn mice obtained by the mating of the Lgr4 þ/Gt parents, and the resulting ratio was consistent with the expected A) The trap vector, pU-21, was inserted into the second intron of the Lgr4 gene. G1-3 primers (red arrowheads) were used for the genotyping, and R1-3 primers (blue arrowheads) were used for RT-PCR to detect endogenous Lgr4 mRNA or fusion mRNA. DIG-labeled RNA probes (probes A and B) were used for the Northern blot analysis. B) PCR genotyping. The wild-type (þ) or trap (Gt) allele is detected with G1 and G2 or G1 and G3 primer sets, respectively. C) Northern blotting analyses (upper) and RT-PCR analyses (lower) with various tissues þ/þ and Gt/þ mice, respectively. Br, Brain; He, heart; Lu, lung; Li, liver; Sp, spleen; Ki, kidneys; St, stomach; In, intestine; Ut, uterus; Te, testes; Ep, epididymides. D) Northern blot analyses with kidney extracts to detect Lgr4 and fusion mRNA in each genotype. E) Quantitative RT-PCR analysis with newborn brain extracts to detect Lgr4 mRNA in each genotype.
Lgr4 FUNCTIONS IN MALE REPRODUCTIVE TRACTS mendelian distribution. With the C57BL/6J genetic background, about 85% of the homozygous mice died during the postnatal development period (Fig. 2A) ; however, with the CBA genetic background, 60% of the offspring survived, but they showed growth retardation (Fig. 2, A and B) . Offspring in the CBA background group were used in the following studies.
Male Infertility
To analyze fertility, we carried out a breeding test (Table 1) .
Lgr4
Gt/Gt males exhibited normal copulative behaviors. Although we confirmed that the vaginal plug in all wild-type females mated with Lgr4
Gt/Gt males, no pregnancies were observed. Although the pregnancy rate between wild-type males and Lgr4
Gt/Gt females was reduced, the impregnated females sired and nursed their pups normally. These results indicate that the Lgr4 deficiency causes infertility in the male but not in the female.
Immotile Sperm
To examine the reason for the male infertility, we first analyzed sperm concentrations and motility in the cauda epididymidis of Lgr4
Gt/Gt males. The concentration of spermatozoa in the cauda epididymidis of Lgr4
Gt/Gt males was very variable, but there were no intragroup differences in sperm concentrations (Fig. 2C) . However, almost all of the spermatozoa in the homozygous epididymides were either immotile or much less motile than normal (Fig. 2D) . Sperm viability assay, by means of staining with SYBR14 and propidium iodide, demonstrated that the mean 6 SD of live/ dead spermatozoa in three individuals were 252.3 6 67.0/ 147.0 6 30.3 and 1.7 6 1.5/317.0 6 121.2 in þ/Gt and Gt/Gt, respectively, indicating that the viability was significantly decreased in Lgr4 Gt/Gt males. Electron microscopic studies showed a hairpin structure of spermatozoa at the midpieceprincipal piece junction and large cytoplasmic droplet (Fig. 2,  E and F) . The boundary between sperm flagellum and cytoplasmic droplet was obscure (Fig. 2F) . These data suggested that the male infertility of Lgr4 Gt/Gt mice was caused by the immotility and abnormal structure of the sperm.
Rete Testis Dilation and ESR1 Reduction in Efferent Ducts
To examine the effect on spermatogenesis, we analyzed the testes. There were no significant differences in testis weight between wild types, heterozygotes, and homozygotes 8 wk of age; however, as shown in Figure 3A , there was a tendency of testis weight in homozygous mice to be slightly increased over that of the wild-type or heterozygous mice. Histologic analysis of the testes in Lgr4
Gt/Gt males revealed rete testis dilation, luminal swelling, and atrophy of the germinal epithelium of the seminiferous tubules (Fig. 3, B and C) . Rete testis dilation was previously reported in Esr1 À/À or Slc9a3 À/À mice [14, 15] . Furthermore, ESR1 and SLC9A3 are both now well-known key molecules that regulate water reabsorption in efferent ducts [13] . To examine the expression levels of ESR1 and SLC9A3, we performed immunohistochemical analyses with anti-ESR1 and anti-SLC9A3 antibodies. At 8 wk of age, both molecules were detected in the epithelial cells of the efferent ducts of the wild-type mice (Fig. 3, D and E) . On the other hand, the levels of ESR1 and SLC9A3 expression in the efferent ducts of Lgr4
Gt/Gt males 8 wk of age were lower than those in the wildtype males (Fig. 3, F and G) .
Taken together, these results suggest that ESR1 reduction results in a water reabsorption failure, which leads to rete testis dilation and spermatogenesis impairment in Lgr4
Gt/Gt males.
Developmental Defect in the Epididymis of Lgr4 Gt/Gt Males
Weight of the epididymides in Lgr4 Gt/Gt males was significantly lower than that of wild-type and heterozygous littermates (Fig. 3A) . Macroscopically, the epididymides contained short and dilated tubules with uneven sperm distribution (Fig. 4A) . As ESR1 and SLC9A3 expression was
FIG. 2. Lgr4
Gt/Gt mice showed a male-sterile phenotype. A) Survival rate of each genotype. Homozygotes are measured on the CBA and C57BL/6J (B6) genetic background (n ¼ 15). B) Growth curve of the þ/þ, þ/Gt, and Gt/Gt mice from birth to adulthood (n ¼ 10; mean 6 SEM). C) Caudal sperm concentrations at 8 wk of age in each genotype. The sperm concentration in 200 ll of HTF medium, prepared in the same way as for the sperm for performing in vitro fertilization, was measured (n ¼ 10; bar ¼ mean). D) Percent motile of caudal sperm at 8 wk of age in each genotype. **P , 0.01 (unpaired Student t-test) vs. þ/þ males; n ¼ 10 in þ/þ and þ/Gt, n ¼ 6 in Gt/Gt; mean 6 SEM. E, F) Scanning electron microscope of the spermatozoa of þ/þ and Gt/Gt males. Each inset indicates the higher magnification of cytoplasmic droplet (CD) and flagellum (Fl) at the midpiece-principal piece junction on the spermatozoa. Bar ¼ 5 lm (E, F). 
306 reduced in the efferent ducts, we also examined the expression of ESR1 and SLC9A3 in the epididymis. In the epithelial cells of the caput epididymidis, only ESR1 was detectable (Fig. 4 , B and C). The expression level of ESR1 in Lgr4 Gt/Gt males was much lower than in wild-type males (Fig. 4D) . SLC9A3 staining was not detectable in the caput epididymidis of Lgr4 Gt/Gt males (Fig. 4E) . We further examined when the expression of ESR1 started to decrease during the postnatal epididymal development in Lgr4
Gt/Gt males. The ESR1 expression level increased gradually up to 3 wk of age in the caput epididymidis of the control littermates (Fig. 4, F-I) . In contrast, the ESR1 expression level decreased and disappeared by 3 wk of age in Lgr4
Gt/Gt males (Fig. 4, J-M) . Contrary to the sharp decrease of ESR1 expression level, the expression of AR and ESR2 was normal during the development of the epididymides (Fig. 4, N-Q) . In addition, we measured the serum estradiol and testosterone levels in 8-wk-old mice; however, there were no significant differences in serum estrogen or testosterone levels between wild-type and Lgr4
Gt/Gt mice (Fig. 4 , R and S). By 35 days after birth, the normal mature caput epididymidis can be subdivided into three regions: initial segment, proximal caput, and distal caput [31] . The initial segment in the epididymis of wild-type males is distinct from the other caput regions. To examine the differentiation of the epididymal region in Lgr4
Gt/Gt males, we performed a section in situ hybridization with antisense riboprobes for marker mRNAs, Cst12 [8] , and Lcn8, also known as mEP17 [6, 32] , Gpx5 [7] , and Lcn2 [6] . Cst12 and Lcn8 were shown to be expressed in the initial segments that differentiated first in the whole caput epididymidis. We could detect the expression of Cst12 and Lcn8 in wild-type mice (Fig. 5, A 
and C) but not in Lgr4
Gt/Gt mice (Fig. 5, B and D) . On the other hand, Gpx5 and Lcn2 were shown to be expressed in the proximal epididymis region. We detected the strong expression of Gpx5 and Lcn2 in the proximal epididymis regions in both wild-type and Lgr4
Gt/Gt mice (Fig. 5, E-H) . These results suggest that LGR4 has an essential role in the differentiation of the initial segment during the postnatal development period of the epididymis.
Electron Microscopic Analysis of Caput Epididymal Tubules
To determine the cause for the epididymal abnormal morphogenesis in Lgr4
Gt/Gt males, we performed transmission electron microscopic analysis at 5 wk after birth. In wild-type males, epithelial cells in the caput epididymal tubules displayed numerous vesicles and coated pits indicative of active endocytosis, and they also displayed an expanded Golgi apparatus at the upper side of the nucleus (Fig. 6A) . In Lgr4
Gt/Gt males, epithelial cells showed less endocytosis and few secretion components (Fig. 6B) . We also observed detachment of basal cells from adjacent epithelial cells in Lgr4
Gt/Gt males (Fig. 6B) . In some epithelial layers, we found macrophage-like cells, which have amoebic cell membranes and lysosomal granules, on the basal side (Fig. 6C ), but not on the apical side, of the epithelial cell layer.
Normally, these epithelial cells form the blood-epididymal barrier (BEB), which regulates small substance transition into the lumen of the epididymal tubules and protects spermatozoa 
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from attack by the self immune system, like the blood-brain barrier, blood-thymus barrier, and blood-testis barrier [33] . In the epididymis, formation of the BEB is accomplished by the tight junction between the apical sides of the epithelial cells [33] . Thus, we examined the tight junction formation at a higher magnification; however, we did not observe any abnormalities in the tight junctions (Fig. 6, D-F) .
The basement membranes (BMs) of wild types appeared as a thin continuous layer closely in contact with basal cells, which usually form a monolayer (Fig. 6G) . In Lgr4
Gt/Gt males, the BMs showed multilamination and distortion (Fig. 6, H and   I ). In addition, an accumulation of ECM-like material was observed toward the mesenchymal cell layers (Fig. 6, H and I ).
Laminin Accumulation in the Epididymis
To characterize the ECM-like deposits in the BM in detail, we performed periodic acid-methenamine-silver (PAM) staining. In the caput epididymidis of Lgr4
Gt/Gt mice, the distribution of the ECM, as demonstrated by PAM staining, was more diffuse around the mesenchymal cell layer than it was in wild-type mice (Fig. 7, A-D) . In the epididymis, the ECM is composed primarily of type IV collagen and laminin 
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isoforms [34] . Immunohistochemical analysis for type IV collagen showed similar staining in the caput and cauda of both wild-type and Lgr4
Gt/Gt mice (Fig. 7, E-H) . On the other hand, immunohistochemical analysis for laminin showed intense staining in the caput epididymidis (Fig. 7, I and J) but not in the cauda epididymidis (Fig. 7, K 
and L) of Lgr4
Gt/Gt mice. Laminin positive staining was observed, though in the lumen of the cauda epididymidis (Fig. 7L) . As expected, the total amount of laminin in the epididymides was increased in Lgr4
Gt/Gt males, as was verified by Western blot analysis (Fig.  7M ). Double staining with DAPI (4 0 ,6 0 -diamidino-2-phenylindole), which can stain spermatozoal nuclei, and anti-laminin antibody indicated that the laminin bound to the sperm heads of Lgr4 Gt/Gt males (Fig. 7, N-S) . These results suggest that laminin accumulation in the BM contributes to the abnormal morphology of the epididymis and that the laminin is somehow leaked into the lumen.
Macrophages in the Lumen of the Epididymal Tubules
With electron microscopic analysis, we discovered macrophage-like cells in the epithelium. These macrophage-like cells were observed under the tight junctions of the epithelial cells. To confirm whether these cells were macrophages, we performed immunohistochemical staining for CD68 and MSR1 (known as CD204). In the wild-type mice, CD68, but not MSR1, was detected in the epithelial cells of segment III of the caput epididymidis; both of these molecules are wellknown macrophage markers (Fig. 8, A and B) . The CD68 staining, at the differentiated epididymal region, was not observed in the epithelium of the Lgr4 Gt/Gt epididymides. This result was consistent with the previous result that an initial segment was missing in Lgr4 Gt/Gt males. This was detected by a section in situ hybridization with the Cst12 and Lcn8 as probes. In the wild-type mice, except for segment III of the caput epididymidis, CD68 or MSR1 positive cells were seen only in the interstitial tissues of the caput epididymidis; they were not seen in either the lumen or epithelium (Fig. 8, C and  D) . On the other hand, CD68 and/or MSR1 positive cells were sparsely distributed in some areas of both the lumen and the epithelium of the Lgr4 Gt/Gt epididymides (Fig. 8, E-H ). All the positive macrophage marker cells between the epithelial cells were seen under the apical surface of the epithelial cell layer (Fig. 8, G and H) . In a few Lgr4
Gt/Gt males, we did not observe any macrophages in the lumen (Fig. 8, I and J). Massive macrophage intrusions were seen near the ruptured tubule structures (Fig. 8, K and L) . These results suggest that dilation of the tubules, caused by water retention, disrupts the tubular structure, thereby leading to an intrusion of macrophages into the lumen.
LGR4 Expression in the Epididymis
As described previously, the integration of trap vectors resulted in the production of fusion mRNA encoding marker genes, b-geo, which expression is directed by the Lgr4 endogenous promoter. Thus, we expect that the expression of the markers in heterozygotes is a reflection of LGR4 expression. We also analyzed the expression pattern of b-geo in heterozygous mice. X-gal staining of fetal male reproductive tracts demonstrated that Lgr4 expression begins at 17.5 days postconception in the wolffian duct from the proximal region 
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(data not shown). The initiation of Lgr4 expression precedes the initiation of extensive elongation and convolution of the epididymal tubules, which occurs during the first days after birth. We also observed that Lgr4 expression was detected in the ovaries at 17.5 days postconception (data not shown). Although Mazerbourg et al. [25] described infertility in females, our homozygous females were fertile (Table 1) . One-tenth the normal expression level of Lgr4 may be sufficient to overcome the phenotype in females. At the newborn stage, b-geo expression was higher in the testes than in the epididymides (Fig. 9A) . At 1 wk of age, though, b-geo expression level in the epididymides became similar to that in the testes (Fig. 9B) . Strong signals were detected in the mesenchymal cells located directly below the epithelium of both the efferent ducts and caput epididymidis (Fig. 9, C-J) .
DISCUSSION
In this study, we demonstrated a role for Lgr4 in the development of the epididymis with the Lgr4 hypomorphic mutant mice generated by gene-trap insertional mutagenesis.
Mazerbourg et al. [25] reported that Lgr4 À/À mice exhibited intrauterine growth retardation associated with embryonic and perinatal lethality in the C57BL/6 background, thus preventing analysis of either the postnatal or adult phenotype. Recently, Mendive et al. [26] showed that the same Lgr4
À/À mice with the CD1 genetic background were viable and that most of them reached adulthood. They also demonstrated defective postnatal development of the male reproductive tract. We found that the Lgr4 À/À and Lgr4 Gt/Gt mice have overlapping phenotypes, as described by Mendive et al. There are, however, distinct differences between their Lgr4 À/À and our Lgr4 Gt/Gt mice. First, our mutant mice line has 10% of the normal transcripts, suggesting that these 10% of transcripts skipped the splice acceptor in the trap vector. This residual activity may be the reason for the 15% survival rate to adulthood of Lgr4 Gt/Gt mice with the C57BL/6 background. With this hypomorphic mutant line, we were able to reveal the hidden phenotypes that do not appear in the null mutant. Null mutant mice, which are embryonic lethal, sometimes become viable by changing their genetic background, thus making it possible to analyze these phenotypes in the adult stage. However, the phenotypes observed in these mutants might be a reflection of a modifier gene. On the other hand, we can analyze the phenotypes that are directly caused by the low level expression of Lgr4.
In the testes, luminal swelling, loss of germinal epithelium of the seminiferous tubules, and rete testis dilation were observed. The same phenotypes were also observed in Lgr4 À/À mice. One reason for this is the decreased expression levels of ESR1 and SLC9A3 in the efferent ducts (Fig. 3, F and G) , as both ESR1 and SLC9A3 are well-known key water reabsorption-regulating molecules in the efferent ducts [13] . In fact, similar phenotypes were observed in Esr1 À/À mice [14] and 
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Slc9a3 À/À mice [15] . Another reason for the phenotypes may be a reduction in the epithelial surface areas available for fluid exchanges to occur, as the efferent duct is less convoluted and hypoplastic. The third reason suggested in Lgr4 À/À mice is a physical blockade of the efferent ducts by immune cells; however, we did not observe such a blockade, suggesting that this possibility is not a plausible explanation in our case.
Transit through the epididymis is known to be essential for sperm maturation [35] . The spermatozoa of Lgr4
Gt/Gt mice may also lack a sperm volume regulation, which was accomplished through the epididymis, as described in Ros1 À/À mice [31, 36] . However, unlike the spermatozoa of Ros1 À/À mice, most of the spermatozoa of Lgr4 Gt/Gt mice showed a hairpin structure with tightly attached cytoplasms. In addition to the morphologic difference, we found laminin binding to the sperm surface in the cauda epididymidis of Lgr4 Gt/Gt mice. All these changes could account for the infertility of Lgr4
Gt/Gt mice. Taken together, the decrease of sperm motility and maturity seems to reflect the developmental defects of the epididymis in Lgr4
Gt/Gt mice.
The expression of ESR1 was observed in the caput epididymidis of newborn mice of both wild-type and Lgr4 Gt/Gt mice. This is consistent with the data reported by Zhou et al. [37] : ESR1 is detected in apical, narrow, and some basal cells of the initial segment; in principal cells of the caput; and in clear cells of the corpus and cauda epididymidis. In wild-type mice, the ESR1 expression gradually increases after birth and reaches a maximum level by 3 wk of age. In contrast, the ESR1 expression starts to disappear after birth in Lgr4
Gt/Gt mice. On the other hand, low levels of ESR1 expression in the efferent ducts were kept constant during the postnatal development period, thereby suggesting that the regulation of ESR1 expression in the epididymis differs from that in the efferent ducts. Further investigation will be required to elucidate the role of ESR1 in the epididymis.
One surprising feature of the Lgr4
Gt/Gt mouse is the lack of an initial segment in the caput epididymidis. SonnenbergRiethmacher et al. [24] reported that the Ros1 À/À mice lacked the initial segment. Ros1 is shown to be highly expressed in tall columnar epithelial cells of the initial segment and intermediately expressed in distally located cells of the caput, but not of the corpus or of the cauda. Our data demonstrated that Lgr4 is mainly expressed in mesenchymal cells, but not in epithelial cells, during the postnatal development period. Altered expression of Ros1 was not observed by the RT-PCR analysis in the epididymides of Lgr4
Gt/Gt mice 1 wk of age (data not shown). It is possible that the development of initial segments requires interaction between epithelial cells and mesenchymal cells that express Ros1 and Lgr4, respectively.
In addition to the lack of an initial segment, the epididymides of Lgr4
Gt/Gt mice are less convoluted, suggesting a defect in the duct elongation. Well-known key molecules involved in epididymal development are steroid hormones and their receptors. Development of the male reproductive tract requires the regulation of testosterone and dihydrotestosterone through the AR. In addition to the AR and ESR1, ESR2 is expressed in the epididymis; however, we could not detect obvious differences in the expression of either AR or ESR2. Considering the data that serum concentrations of estrogen and testosterone are within normal ranges, these hormones may not be involved in the defect in the duct elongation of Lgr4 Gt/Gt mice.
For elongation and convolution of the duct to occur, an extensive tissue remodeling, including cell proliferation and remodeling of the ECM, is required [38] . Mendive et al. [26] reported reduced cell proliferation in efferent ducts and in the 
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À/À mice. In the present study, we found a defect in mesenchymal cell layers and in ECMs. Multilamination suggests that the defect in elongation is due to a failure in the ECM remodeling process, in addition to a reduced level of proliferation. ECM remodeling is regulated by matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs). Some MMPs and TIMPs regulate the ureteric bud branching morphogenesis in renal development [39, 40] . In Mpv17 À/À mice, the expression of MMP2 was increased [41] , and an abnormal BM morphology, with transient lamination of the stria vascularis and the kidneys, was demonstrated [42] . This abnormal BM morphology is quite similar to the BMs of epididymal tubules in Lgr4 Gt/Gt males. These observations suggest that the hyperactivated MMP causes the distorted BM in vivo. One abnormal BM morphology sign is an accumulation of laminin. Interestingly, an accumulation of laminin was also observed toward the mesenchymal cell layers, without the alteration of type IV collagen, in Lgr4
Gt/Gt males. These facts support the notion that ECM remodeling and ECM-mediated signaling are necessary for postnatal growth and development of the epididymis. It is of interest that ECM components, including laminin-1 and type IV collagen, induce the ESR1 expression in nonmalignant mammary epithelial lines, SCp2 [43] . In addition, a reporter gene assay in SCp2 showed the regulatory element of Esr1 promoter that responds to lamininrich reconstituted BM [44] . Thus, the ESR1 reduction in the epididymis of Lgr4
Gt/Gt males may be caused by the distorted BM structure. In addition, aberrant BM structures, together with an accumulation of testicular fluid, may cause a rupture of the tubular structure, leading to a leakage of laminin into the lumen of the epididymal ducts.
Recent studies demonstrated that the DLGR2 ligand is composed of the BMP antagonist family proteins, burs and pburs in Drosophila melanogaster [45, 46] ; however, no homolog in mammals has yet been found. Identification of ligands for LGR4 will facilitate studies of epithelial-mesenchyme interactions, which will in turn lead to an understanding of basic principles of tubular system development.
